NADP ϩ -dependent ME (m-NADP-ME) (Loeber et al., 1994b), and mitochondrial NAD(P) ϩ -dependent ME (m-NAD-ME) (Loeber et al., 1991). m-NAD-ME can use Summary both NAD ϩ and NADP ϩ as cofactor (dual specificity) but prefers NAD ϩ under physiological conditions. It is Malic enzymes catalyze the oxidative decarboxylation believed that m-NAD-ME, via the NADH and pyruvate of L-malate to pyruvate and CO 2 with the reduction products, may have an important role in the metabolism of the NAD(P)
To get a more complete understanding of the catalytic of this reaction. mechanism of these important enzymes, structural information on the binding modes of the genuine sub-NAD(P) ϩ ϩ L-malate ⇔ NAD(P)H ϩ pyruvate ϩ CO 2 strates of the enzyme, malate and pyruvate, are needed. ME activity was first isolated from pigeon liver (Ochoa We report here the crystal structure at 2.3 Å resolution of et al., 1947) and has since been found in most living human m-NAD-ME in a pentary, nonproductive complex organisms, from bacteria to humans. Most MEs are howith NADH, L-malate, Mn 2ϩ , and fumarate, as well as motetramers, with monomers containing ‫055ف‬ amino the structure at 2.1 Å resolution of the pentary complex acids and having molecular weights of ‫06ف‬ kDa. The with NAD ϩ , pyruvate, Mn 2ϩ , and fumarate. As an indeamino acid sequences of MEs are highly conserved pendent observation for the binding mode of malate, across all the organisms, but they lack recognizable we have also determined the structure at 2.3 Å resolution homology to other proteins, including other oxidative of m-NAD-ME in a pentary complex with ATP, malate, decarboxylases. The wide distribution of ME activity in Mn 
Results and Discussion
L-malate (MAL) or pyruvate (PYR), have been determined at up to 2.1 Å resolution (Table 1) . As was observed with the oxalate (OXL) complex (Yang et al.,
Overall Structure
The crystal structures of human m-NAD-ME in three 2000b), the enzyme is in a closed form in the current structures ( Figure 1A ). There is a tetramer of the enzyme different pentary complexes, containing the substrate Our structure of m-NAD-ME in complex with the genubut such a change will not shorten the distance to the C2 hydroxyl. Moreover, this side chain is also hydrogen ine substrate MAL allows us to assess these observa- suum ME gave rise to a 130,000-fold decrease in the V max of the overall reaction (Liu et al., 2000) . Moreover, the The importance of Asp279 for catalysis is more likely due to an indirect effect, that is, its ligating of the cation. mutant favors the decarboxylation of the oxaloacetate intermediate, while the wild-type enzyme favors the reMutation of this residue to Glu in pigeon ME produced a 3,000-fold increase in the K d for Mn 2ϩ but only a small ductive hydrogenation reaction. It was suggested that the decarboxylation reaction is more suppressed in the effect on V max (Wei et al., 1995) . Mutation of this residue to Ala in Ascaris suum ME lowered the affinity for the wild-type enzyme by the Lys side chain (Liu et al., 2000) . However, another explanation is that the Lys → Ala mucation by such an extent that the substrate MAL must bind first to the enzyme (Karsten et al., 1999) , which tant cannot catalyze the hydrogenation reaction, because it cannot function as the general acid for the would then provide two ligands for binding the cation. This mutation also led to a 10,000-fold reduction in the reverse (reduction) reaction. For Lys183 to function as the general base, it needs V max , in contrast to observations on the pigeon ME. This could be explained by the fact that the Ala side chain to be in the neutral state at the start of the reaction ( Figure 5B ). Lys183 is hydrogen bonded to Asp278 in could not maintain the intricate hydrogen-bonding network in the active site ( Figure 2B ), which is crucial for all the steps of the reaction. Asp278 is, in turn, hydrogen bonded to Glu255 when the substrate is present (Figures  the proper placement of the catalytic residues. If Asp279 is not the general base, which group in the 5B-5E). As Glu255 is a ligand to the cation, the structure suggests that Asp278 is likely to be protonated to mainenzyme:substrate complex can extract the proton from the C2 hydroxyl? Our structure shows that the side tain this close contact with Glu255 ( Figure 5B-5E ), which would make it more likely for the Lys183 side chain to chains of Lys183 and Asn467, as well as the water molecule bound to the cation, are within hydrogen-bonding achieve a neutral state and be competent for catalysis. In the open form of the structure, before the binding distance to the C2 hydroxyl of MAL. This water molecule is, however, unlikely to function as the general base, as of substrates, Lys183 is placed between Asp278 and Glu255 ( Figure 6B) (Xu et al., 1999) . In the structure of it is expected to have a very low pK a value (below Ϫ1). Therefore, this leaves the Lys183 residue, which is perthe open form of Ascaris suum ME, the Lys residue is positioned at a similar location (Coleman et al., 2002) . to catalyze the tautomerization of enolpyruvate to pyruvate. In this mechanism, Tyr112 donates its hydroxyl Upon substrate binding and the closure of the active site, the side chains of Lys183, Asp278, and Tyr112 proton to the C3 atom, while accepting a proton from the side chain of Lys183 ( Figure 5D ). Concomitantly, undergo large conformational changes, bringing Asp278 and Glu255 into close proximity ( Figure 6B) (Long et al., 1994) . Mutation of this Asp residue in Ascaris suum ME led to
The smaller effect, as compared to that from the mutation of Lys183, could be explained if the protonation of a 600-fold decrease in the k cat of the enzyme (Karsten et al., 1999) . The effect of mutating this residue in human enolpyruvate is not a rate-determining step of the forward reaction. It may also be possible that a water molem-NAD-ME is somewhat smaller, with about a 100-fold reduction in the V max of the enzyme (data not shown).
cule is recruited into the active site in the Tyr → Phe mutant, which partially rescues the catalytic activity of Therefore, Asp278 has a relevant, but not crucial, role in the catalysis by malic enzyme, despite its high degree the mutant. It would be interesting to determine the structure of this mutant, as well as the effect of this of conservation. Other factors may also be important in stabilizing the Lys183 side chain in the neutral form in mutation on the rate of the reverse reaction. The Lys → Ala mutant in Ascaris suum ME cannot the substrate complex.
catalyze the exchange of the methyl protons of PYR with solvent (Liu et al., 2000) . This was interpreted to The General Acid for the Tautomerization Step mean that Lys183 is the general acid for the decarboxylFor the decarboxylation reaction, the enzyme binds MAL ation reaction. Our mechanism suggests instead an such that its C4 carboxylate group is out of the plane alternative explanation, as the mutation disrupts the of the C1-C2-C3 atoms ( Figure 6A of oxaloacetate is the committed step in the conversion protonating the C2 hydroxyl to produce the neutral enol to pyruvate, the protonation by Tyr112 occurs after the ( Figure 5C ). decarboxylation and may not affect the partition ratio. For the tautomerization from enolpyruvate to pyruvate, a general acid is needed to protonate the enolpyruvate intermediate at the C3 position, and a general base Implications for the Catalytic Mechanism All the residues that show interactions with MAL and is needed to extract the proton from the C2 hydroxyl ( Figure 5D ). Lys183 was proposed as the general acid PYR are highly conserved among the malic enzymes, suggesting their importance in substrate binding and/ on the basis of kinetic and mutagenesis studies (Liu et al., 2000) . However, the distance between the ammoor catalysis by these enzymes. On the basis of our structural analyses and generally supported by the mutagennium ion of Lys183 and the C3 atom of PYR is more than 3.6 Å . Considering the fact that our observations esis and kinetic studies, we propose the following model for the reaction cycle of malic enzymes. are based on a nonproductive, dead end complex, we cannot completely exclude the possibility that the bind-(1) Before substrate binding, the enzyme is in an open form, where Lys183 is placed between the side chains ing mode of PYR and/or the conformation of active site residues are different in the reactive complex, thereby of Tyr112, Asp278, and Glu255 ( Figures 5A and 6B) .
(2) Upon binding of the substrate MAL and the divalent allowing Lys183 to function as the general acid. However, we believe such a possibility is unlikely because cation, the enzyme undergoes a large conformational change, causing the closure of the active site. In this of the large number of hydrogen-bonding interactions for the ammonium ion of Lys183 ( Figure 6A) . Moreover, process, the side chain of Lys183 moves by about 2 Å in order to hydrogen bond to the C2 hydroxyl of MAL Lys183 needs to function as the general base in this reaction, extracting the proton from the C2 hydroxyl ( Figure 6B ). In the substrate complex, the hydrogen-bonding part-( Figure 5D ).
Our structure suggests that Tyr112 is the general acid ners of Lys183 are Tyr112, Asp278, and the C2 hydroxyl of MAL (Figures 5B and 6A) . The side chain of Tyr112 for this reaction, as it is the only close neighbor of the C3 atom in the PYR complex, with a distance of 3.1 Å moves by 3.3 Å and that of Asp278 moves by 1.7 Å to stay hydrogen bonded to Lys183. (Figure 4) . Moreover, Tyr112 and Lys183 are hydrogen bonded to each other, so these two residues function (3) Lys183 functions as the general base and extracts the proton from the C2 hydroxyl group of MAL, and the as a general acid-base pair, in concert with each other,
